Abstract. In this work experimental tissue phantoms and numerical models were developed to estimate photon migration through the fetal head in utero. The tissue phantoms incorporate a fetal head within an amniotic fluid sac surrounded by a maternal tissue layer. A continuous wave, dual-wavelength (ϭ760 and 850 nm) spectrometer was employed to make near-infrared measurements on the tissue phantoms for various source-detector separations, fetal-head positions, and fetal-head optical properties. In addition, numerical simulations of photon propagation were performed with finite-difference algorithms that provide solutions to the equation of radiative transfer as well as the diffusion equation. The simulations were compared with measurements on tissue phantoms to determine the best numerical model to describe photon migration through the fetal head in utero. Evaluation of the results indicates that tissue phantoms in which the contact between fetal head and uterine wall is uniform best simulates the fetal head in utero for near-term pregnancies. Furthermore, we found that maximum sensitivity to the head can be achieved if the source of the probe is positioned directly above the fetal head. By optimizing the source-detector separation, the signal originating from photons that have traveled through the fetal head can drastically be increased.
Introduction
Noninvasive ante partum tests have been employed to assess fetal health for a long time now. These tests include ante partum electronic fetal heart rate monitoring, either alone as the nonstress test ͑NST͒ or as a part of the biophysical profile ͑BPP͒, which includes serial ultrasonographic examinations. [1] [2] [3] These tests provide an indirect measurement of fetal cerebral hemodynamics and oxygenation NST can forecast severe fetal jeopardy, but a high rate of false-positive ante partum assessment tests ͑75%-90% for the nonstress test and 20%-75% for the biophysical profile͒ have been reported. 4, 5 This dilemma necessitates the need to reduce the falsepositive rate of current ante partum assessment tests for the detection of fetal neurological compromise in utero.
Noninvasive, fast, trans-abdominal, near-infrared ͑NIR͒ spectroscopy of fetal cerebral blood oxygenation in utero may potentially avoid the pitfalls of current ante partum assessment tests. The customization of the well-established NIR technology [6] [7] [8] [9] [10] [11] [12] [13] [14] for this particular application could potentially represent a significant advance in perinatal care and NIR spectroscopy of large, deeply buried organs in the human body.
In the companion manuscript, 15 we studied the optical properties and physical geometry of maternal and fetal-head tissues in utero using clinical studies on the maternal abdomen and experimental studies on laboratory tissue phantoms. Specifically, a continuous wave ͑cw͒ spectrometer was modified and employed to simultaneously make NIR measurements at 760 and 850 nm, at a large ͑10 cm͒ and small ͑2.5/4 cm͒ source-detector separation, on the maternal abdomen, directly above the fetal head. A total of 19 patients were evaluated, whose average gestational age was 37 weeks Ϯ3. The average depth of the fetal head was 2.25 cm Ϯ0.7. At the large source-detector separation, the photons are expected to migrate through both the maternal and fetal tissues before being detected at the surface, while at the short sourcedetector separation, the photons are expected to migrate primarily through the superficial maternal tissues before being detected. Similar NIR measurements were made on laboratory tissue phantoms, with variable optical properties and physical geometries. The optical properties were varied and obtained using different concentrations of India ink and intralipid in water, while the variable physical geometries were realized by employing glass containers of different shapes and sizes. The NIR measurements, made on the laboratory tissue phantoms, were compared to the NIR measurements made on the maternal abdomen. The results of the comparison were used to provide insight into the optical properties and physical geometry of the maternal and fetal tissues in the photon migration path through the fetal head in utero.
The goal of the current work is to develop and evaluate experimental tissue phantoms and theoretical models to estimate NIR photon migration through the fetal head in utero for various source-detector separations, fetal head positions, and fetal head optical properties. The tissue phantom should be complex enough to be congruent with the major clinical findings, yet simple enough to allow easy manipulation of various tissue and geometry parameters to obtain insight into the major factors influencing NIR measurements of the fetal head in utero. Various tissue phantoms were chosen and a dual wavelength, cw spectrometer was employed to make NIR measurements on these phantoms. Next, the NIR measurements on the laboratory tissue phantoms were compared to numerical, finite-difference simulations that provide solutions to the diffusion as well as the transport equation. This comparison was made to determine which numerical model best describes photon migration through the tissue phantom. Finally, the optimal numerical model was employed to estimate photon migration through the fetal head in utero for various sourcedetector separations, fetal head positions, and fetal head optical properties. Evaluation of the results indicates that these experimental and theoretical models are useful for assessing the accuracy and sensitivity of trans-abdominal, NIR spectroscopy for measuring and quantifying fetal cerebral blood saturation in utero.
In the following section, a detailed description of the experimental and theoretical models is provided. This is followed by a presentation of the NIR measurements on the laboratory tissue phantoms and results of simulations based on the diffusion and transport equations. Finally, the effects of various source-detector separations, fetal head positions, and fetal head optical properties on photon migration through the fetal head in utero are discussed.
Materials and Methods

Instrumentation
A dual wavelength, cw, NIR spectrometer was employed in this investigation and is described in detail in the companion manuscript. 15 This instrument incorporates halogen and tungsten light sources, a pair of silicon photodetectors, filtered at 760 and 850 nm, respectively, an analog differential processing circuit ͑Runman™͒ and a computer, with a 12 bit analogto-digital ͑A/D͒ converter board. The optical probe, which consists of a flexible rubber pad containing the halogen ͑four 20 W halogen bulbs͒ and tungsten ͑0.575 W͒ light sources and the pair of silicon photodetectors, is shown in Figure 1 . The area of halogen light source is 2.1ϫ1.8 cm 2 , while the area of each silicon photodetector is 0.8ϫ2.1 cm 2 . 16 The tungsten light sources are significantly smaller in diameter than the halogen light source. The halogen light source is placed at a 10 cm separation from the detector ͑to achieve a penetration depth of ϳ4 cm in tissue͒. The two tungsten light sources are placed on either side of the detector at a 2.5 cm separation ͑to achieve a penetration depth of ϳ1 cm in tissue͒. The pair of silicon photodetectors receives time-shared, optical inputs from the tissue ͑which is illuminated alternately by the halogen and tungsten light sources͒ that are filtered at 760 and 850 nm by Ϯ10 nm bandpass filters. The resulting electronic outputs at the two wavelengths are differentially amplified to provide their difference and sum at the two sourcedetector separations. The output is digitized using a 12 bit A/D board, integrated over a period of 2 s and then stored on a personal computer.
NIR Measurements of laboratory tissue phantoms
Two pairs of laboratory tissue phantoms were developed and evaluated for their effect on photon migration through the fetal head in utero. The first pair of tissue phantoms was used to study the effect of amniotic fluid between the maternal tissue and fetal head, 16 while the second pair of tissue phantoms was employed to investigate the effect of amniotic fluid that surrounds the fetal head.
Model 1 and Model 2
Figures 2͑a͒ and 2͑b͒ display a schematic of the first set of tissue phantoms, which consists of three glass containers representing the maternal tissue layer, which comprises the abdominal and uterine tissues ͑C͒, the amniotic fluid sac ͑B͒, and the fetal head ͑A͒. In Figure 2͑a͒ ͑model 1͒ containers B and A are cylindrical, resulting in nonuniform contact between them, while in Figure 2͑b͒ ͑model 2͒, containers B and A are rectangular, resulting in uniform contact between them. In each tissue phantom, the optical properties, i.e., the absorption and reduced scattering coefficients, were set using the solutions of India Ink and intralipid in water. The absorption and reduced scattering coefficients of the solution in container C were set at 0.08 cm Ϫ1 and 5 cm Ϫ1 , respectively, to simulate the averaged optical properties of fat and muscle tissues. 17 The absorption and reduced scattering coefficients of container A were set at a ϭ0.15 cm Ϫ1 and s Јϭ5 cm
Ϫ1
, respectively, to simulate the optical properties of the neonate brain. 18 Container B was filled with distilled water to simulate 
Model 3(a) and Model 3(b)
Figures 3͑a͒ and 3͑b͒ display a second set of tissue phantoms. These tissue phantoms were developed to be similar to model 2, shown in Figure 2͑b͒ , because that tissue phantom, which has minimal intervening amniotic fluid between the maternal tissue and fetal head, best simulates the photon migration path through the fetal head in utero. 16 Note that the dimensions of containers, C, B, and A in the tissue phantoms, shown in Figures 3͑a͒ and 3͑b͒ , are different from that of model 2, shown in Figure 2͑b͒ . In particular, the width of the fetal head is 10 cm, rather than 16 cm, since this more closely simulates the actual dimensions of the late gestational fetal head in utero. The primary difference between the tissue phantoms shown in Figure 3͑a͒ ͓model 3͑a͔͒ and Figure 3͑b͒ ͓model 3͑b͔͒ is that model 3͑b͒, has a larger area of amniotic fluid that surrounds the fetal head.
NIR Measurements
In Figures 2 and 3 , the fetal head depth or synonymously, the maternal tissue thickness, is defined by ''d.'' ''S 1 -D'' corresponds to a source-detector separation of 10 cm. The optical probe was attached to one of the walls of the outermost container C, such that the midline of S 1 -D coincides with the midline of the tissue phantom ͑solid line͒. Container A was always kept in contact with container B to simulate the late gestational fetal head in utero. Containers B and A were displaced together to achieve different fetal head depths, d. Various fetal head positions were achieved by changing the position of container A, relative to that of the source-detector pair, S 1 -D. The first position was achieved by positioning container A such that it was centered on the solid line, which represents the midline of S 1 -D ͑midline position͒. The second position was achieved by positioning container A such that it was centered on the dashed line that represents the midline of S 1 ͑source position͒. The third position was achieved by positioning container A such that it was centered on the dotted line, which represents the midline of D ͑detector position͒. NIR measurements at the 10 cm source-detector separation were made as a function of d, which was varied, from 2 to 4 cm ͑1-4 cm in the case of model 1͒, in 1 cm increments. Furthermore, these NIR measurements were performed for three different positions of container A ͑midline, source, and detector positions͒ relative to the optical probe.
Finite-difference simulations of the transport and diffusion equations
For each tissue phantom, corresponding numerical, finitedifference simulations based on the transport and diffusion equations were carried out. Photon migration in biological tissues can accurately be described by the time and energy independent equation of radiative transport, also known as the Boltzmann transport equation
Here r is the position vector and ⍀ is a unit vector pointing in the direction of photon propagation. ⌿(r,⍀) is the energy radiance in units of W cm Ϫ2 sr
Ϫ1
. The source term S(r,⍀) represents power injected into a solid angle centered on ⍀ in a unit volume at r. The absorption and scattering coefficients a and s are the inverse of the mean free path for absorption and scattering, respectively. The phase function p(⍀•⍀Ј) describes the probability that during a scattering event, a photon with direction ⍀Ј is scattered in the direction ⍀.
The goal of an algorithm that solves Eq. ͑1͒ is to determine ⌿(r,⍀), or the derived parameter, (r), which is the energy fluence rate with the units of W cm Ϫ2 . The terms (r) can be written as 
The solution of Eq. ͑1͒ is numerically determined using the finite-difference transport code called DANTSYS ͑Diffusion Accelerated Neutral Particle Transport Code System͒ that has originally been developed to calculate neutron transport in nuclear materials. Spatial discretization is performed by a diamond-differencing scheme, also called the CrankNicolson method. 20 For the discretization of the direction or angle, the method of discrete ordinates is employed. 21 Another major feature of DANTSYS is the use of the diffusion synthetic acceleration ͑DSA͒ method for the iterative solution of the transport equation. 19, 22 The method employs a corrected diffusion equation to accelerate the convergence of the transport iterations. Therefore, the first iteration provides a solution to the diffusion equation
Notice that in Eq. ͑3͒, the scattering coefficient, s has been replaced by the reduced scattering coefficient s Ј , which is defined as s Јϭ s (1Ϫg), where g is the average of the cosine of the scattering angle, also called the anisotropy factor. The diffusion equation provides an approximation to the transport equation and can be used to accurately describe photon migration in media in which s Јӷ a , and which does not contain strong variations in optical properties. 19 Because these criteria are fulfilled for many biological tissues, most researchers in biomedical optics use the simpler diffusion equation to model photon migration in tissues.
Forty eight angles were typically used for each twodimensional simulation. Furthermore, the grid geometry shown in Figure 4 was used for the assignment of a and s Ј in the different layers of the tissue phantom. Specifically, the tissue phantom was divided into macro grids corresponding to maternal tissue, amniotic fluid, and the fetal head in order to distinguish between a and s Ј of each layer. Furthermore, each macro grid was divided into rectangular pixels with a grid spacing of 0.2 cm, which corresponds to one reduced mean free path of scattering (mfpЈϭ1/ s Ј).
The calculations for this study were performed on a CRAY Y-MP 8/128 platform. Computation time for a fully convergent transport solution ranged from several seconds to 30 min, depending on the size of the spatial mesh and the degree of angular discretization. Diffusion solutions ͑first iteration͒ were obtained in less than 1 s.
For each simulation, a two-dimensional image of the photon fluence in the tissue phantom was generated. This photon fluence image was employed to extract the total signal detected, R total , calculate the visiting probability, P, for each cell in the photon fluence image, determine the fraction of detected photons that have visited the fetal head, F head , and calculate the target signal detected from the fetal head, R head . The variable R total represents the photon fluence integrated over the cells at the detector end, relative to that integrated over the cells at the source end ͑the source strength of each cell is unity͒. The variable P is defined as the probability that a detected photon, originating from the source, has visited a particular cell in the tissue phantom. Numerically, visiting probability images can be obtained by pixel-wise multiplying two photon-fluence images for a particular source-detector configuration. The first photon fluence image is generated for the particular source position; the second photon fluence image is generated for the case in which the source position is now moved to where the detector is located. The variable F head is calculated by taking the ratio of P, integrated over all the cells in the fetal head and P integrated over all the cells in the tissue phantom. Finally, the variable R head is the product of R total and F head . Table 1 summarizes the order in which the relevant variables are calculated.
Numerical simulations of the tissue phantoms were performed for several source-detector separations, fetal head positions, and fetal head optical properties. For model 1 and model 2 shown in Figures 2͑a͒ and 2͑b͒ , respectively, the photon fluence and visiting probabilities were calculated using both the transport and diffusion equations in order to select the appropriate numerical model for subsequent simula- Table 1 For each numerical simulation, a two-dimensional image of the photon fluence in the tissue phantom was generated. This photon fluence image was employed to extract the total signal detected, R total , calculate the visiting probability, P, for each cell in the photon fluence image, determine the fraction of detected photons that have visited the fetal head, F head , and calculate the absolute target signal, R head , originating from photons that have traveled through the fetal head. The table summarizes the relationship between the relevant variables.
tions. Note that the source and detector were approximated to be point sources for these two models. For model 3͑a͒ and model 3͑b͒ shown in Figures 3͑a͒ and 3͑b͒ , respectively, only the transport equation was employed to calculate the photon fluence and visiting probabilities. In this case, the particular geometries of the sources and detectors as depicted in Figure  1 were adapted for the simulations.
Results and Discussion
Model 1 and Model 2
Selection of the appropriate tissue phantom
Figures 5͑a͒ and 5͑b͒ display the absorption as a function of fetal head depth obtained from the finite-difference simulations of the transport and diffusion equations and from NIR measurements on the midline of: ͑a͒ model 1 and ͑b͒ model 2, at a 10 cm source-detector separation. The absorption was calculated using Beer's law, 15 where the total signal detected, R total at each fetal head depth was normalized relative to that at the largest fetal head depth ͑i.e., 4 cm͒, as at this depth, the accuracy of the NIR measurements is highest. We observed that at a small depth the influence of the glass-container walls becomes relatively stronger and the measurements are not as reproducible as for larger depth. In the simulations we did not account for the finite width of the container walls, which might explain the difference between the measured and calculated data at 2 cm. Furthermore, Figure 5͑a͒ shows that the transport-equation-based simulations yield a better agreement with the experimental data than the diffusion-equation-based calculation. Overall, the computed and measured absorption versus fetal head depth shows similar trends for both model 1 and model 2. A comparison between model 1 and model 2 indicates that the absorption increases with fetal head depth, when there is nonuniform contact between the maternal tissue and fetal head; the opposite trend is observed when there is uniform contact between the maternal tissue and fetal head. The latter result should be expected here since the fetal head, which is relatively more absorbing than the maternal tissue, contributes progressively less to photon migration path, with increasing fetal head depth. A comparison of the absorption as a function of fetal head depth between that obtained from the tissue phantoms and that obtained from the maternal abdomen 15 indicates that the clinical results agree with tissue phantom results shown in Figure 5͑b͒ . Hence, model 2 more appropriately mimics the photon migration path through the fetal head in utero.
Figures 6͑a͒-6͑d͒ display two-dimensional images of the photon fluence ͑a͒, ͑c͒ and visiting probability ͑b͒, ͑d͒ computed with the finite-difference algorithm based on the transport equation for ͑a͒, ͑b͒ model 1 and ͑c͒, ͑d͒ model 2. In model 1, the fetal head depth is 1 cm and in the case of model 2, the fetal head depth is 0.5 cm. An increase in the brightness corresponds to an increase in the photon fluence and an increase in the visiting probability. A comparison of the photon fluence images in Figures 6͑a͒ and 6͑c͒ indicates that the photon fluence in the region surrounding the fetal head is approximately one order of magnitude higher in model 1 ͓Figure 6͑a͔͒, relative to that in model 2 ͓Figure 6͑c͔͒. Consequently, a comparison of the visiting probability images in Figures  6͑b͒ and 6͑d͒ indicates the visiting probability in the region surrounding the fetal head is about two orders of magnitude higher in model 1 ͓Figure 6͑b͔͒, relative to that in model 2 ͓Figure 6͑d͔͒.
The differences observed in the photon fluence and visiting probability images for model 1 and model 2 may be attributed to the effect of intervening amniotic fluid between the maternal tissue and fetal head in model 1, which contributes significantly to the photon migration path directly below the source. Evaluation of Figure 6͑b͒ indicates that when there is nonuniform contact between the maternal tissue and fetal head, the intervening amniotic fluid diverts a large fraction of the photons around the fetal head, before they are detected at the surface. Because of the influence of low-absorbing amniotic fluid, the average absorption appears smaller. As the fetal head depth increases, the amniotic fluid will contribute progressively less to the photon migration path, while the stronger-absorbing maternal tissue will contribute more to the photon migration path. This will result in an increase in the average absorption with an increase in the fetal head depth, as is observed in Figure 5͑a͒ . Figure 6͑d͒ shows that when there is uniform contact between the maternal tissue and fetal head, a large fraction of the photons migrate through the fetal head, before they are detected at the surface. As the fetal head depth increases, the fetal head will contribute progressively less to the photon migration path, and the less absorbing maternal tissue will contribute progressively more to the photon migration path. This will result in a decrease in the average absorption as a function of fetal head depth, as is observed in Figure  5͑b͒ . Since the NIR measurements made on the maternal abdomen agree with the tissue phantom results in Figure 5͑b͒ , it can be inferred that there is minimal intervening amniotic fluid between the maternal tissue and fetal head, in the case of the late gestational fetal head in utero.
3.1.2
Selection of the appropriate numerical model: diffusion versus transport equation significantly greater than unity in the region between the maternal tissue and fetal head, as well as behind the fetal head. This is attributed to the fact that the diffusion equation does not adequately describe photon migration in strongly heterogeneous media that contain areas with very low absorption and scattering, such as the amniotic fluid surrounding the fetal head. 19 In the case of model 2 ͓Figure 7͑b͔͒, the ratio is close to unity in the region between the maternal tissue and fetal head; it is significantly higher than unity only in the region behind the fetal head. This result shows that in the absence of the intervening amniotic fluid, the diffusion equation can be used to accurately predict the detector readings as long as the detector is located within the range of Ϫ5 cmϽxϽ5 cm. Since model 2 more appropriately mimics the photon migration path through the fetal head in utero, in which there is minimal intervening amniotic fluid between the maternal tissue and fetal head, simulations using either the diffusion or transport equations should yield similar results. Figure 8 displays the absorption as a function of fetal head depth obtained from numerical simulations based on the equation of radiative transfer and from NIR measurements on model 3͑a͒ ͓Figure 8͑a͔͒ and model 3͑b͒ ͓Figure 8͑b͔͒. The source and detector are separated by 10 cm ͑see Figure 1͒ . In each case, the absorption as a function of fetal head depth is shown for midline, source, and detector positions. The absorption was calculated using Beer's law, where the total signal detected, R total at each fetal head depth was normalized relative to that at the largest fetal head depth of 4 cm. Note that for all three fetal head positions the experimental measurements and the computer simulations are comparable to each other. An even better modeling correlation with experimental results may be obtained if we take the finite thickness of containers into account during the numerical simulations.
Models 3(a) and 3(b)
Evaluation of Figure 8͑a͒ indicates that the absorption increases with fetal head depth, when the fetal head is directly below the midline. However, the absorption decreases with increasing fetal head depth when the fetal head is directly below the source or the detector. Figure 8͑b͒ shows that the absorption increases as a function of fetal head depth for all three fetal head positions. The increase in absorption with increasing fetal head depth in these cases may be attributed to the effect of amniotic fluid surrounding the fetal head, rather than that intervening between the maternal tissue and fetal head as was observed previously in Figure 5͑a͒ . A comparison of the absorption as a function of fetal head depth between that obtained from the tissue phantoms and that obtained from the maternal abdomen 15 indicates that the clinical results agree with tissue phantom results shown in Figure 8͑a͒ . This is true particularly for the case in which the fetal head is directly below the source or directly below the detector. Hence, model 3͑a͒, rather than model 3͑b͒, more appropriately mimics the photon migration path through the fetal head in utero. It can be inferred that in the case of the late gestational fetal head in utero, the intervening amniotic fluid between the maternal tissue and fetal head and the amniotic fluid surrounding the fetal head have a minimal effect on photon migration through the fetal head in utero.
3.2.1
Estimation of photon migration through the fetal head in utero Table 2 compares the total signal detected, R total , the fraction of detected photons that have visited the fetal head, F head , and the target signal detected, R head , for models 3͑a͒ and 3͑b͒ as calculated with the finite-difference algorithm. The sourcedetector separation is 10 cm. Results are shown for a head positioned below the midline, source, and detector, respectively. The fetal head depth is 3 cm, which is the upper limit of fetal head depths observed in near-term patients.
It can be seen that for models 3͑a͒ and 3͑b͒, the total detect signal R total is seven orders of magnitude lower than the source strength. For model 3͑a͒, R total is highest when the fetal head is directly below the midline. F head ranges from 4%-6% and is highest when the fetal head is directly below the source. We find that R head is highest when the fetal head is directly below the source. Results for model 3͑b͒ indicate that R total is highest when the fetal head is directly below source. F head ranges from 3%-7% and is highest when the fetal head is directly below the source. It follows that R head is highest ͑6.01ϫ10 Ϫ8 W cm
Ϫ2
͒ when the fetal head is directly below the source. It may be inferred from these results that maximal sensitivity to the fetal head can be achieved if the optical Table 2 The total signal detected, R total , the fraction of detected photons that have visited the fetal head, F head , and the target signal detected, R head , calculated with the transport-equation algorithm. For these simulations models 3(a) and 3(b) are used, and the source-detector (S-D) separation is 10 cm. In all cases the fetal head depth is 3 cm (upper limit of fetal head depths observed in near-term patients). Results are shown for the three situations in which the head is positioned directly below the midline, below the source, and below the detector. probe is positioned on the maternal abdomen such that the fetal head is directly below the source. Table 3 shows computed R total , F head , and R head values for three different fetal head depths, 3 cm ͑upper limit observed in near-term patients͒, 2.2 cm ͑average observed in near-term patients͒, and 1.4 cm ͑lower limit observed in near-term patients͒. Calculations were performed using the discreteordinate transport codes. For these simulations, model 3͑a͒ is used with the fetal head located directly below the source. The source-detector separation is 7 cm.
As expected, the table shows that increasing the fetal head depths from 1.4 to 3.0 cm leads to an increase in the total signal detected R total . The relatively higher absorbing head intersects less and less of the photons traveling from the source to the detector. This is also reflected in the decrease of the relative contribution of photons that traveled through the head to the overall signal: F head ϭ100R head /R total drops from 28.29% at 1.4 cm depth to only 2.59% at 3.0 cm depth.
Comparing R total ϭ2.10ϫ10 Ϫ5 W cm Ϫ2 for 7 cm sourcedetector separation ͑Table 3͒ and R total ϭ4.51ϫ10 Ϫ7 W cm Ϫ2 for 10 cm ͑Table 2͒ source-detector separation, for the same fetal head depth and position, shows that at 7 cm separation, R total is two orders of magnitude higher. On the other hand, at 7 cm source-detector separation F head ϭ2.10% is only a factor of 2 lower than F head ϭ5.63% at 10 cm source-detector separation. Hence, R head , which represents the signal detected from the fetal head, is more than 21 times higher at 7 cm source-detector separation (R head ϭ0.54 ϫ10 Ϫ6 W cm
) than at the 10 cm source-detector separation (R head ϭ2.54ϫ10 Ϫ8 W cm
). Therefore, reducing the source-detector separation from 10 to 7 cm dramatically increases the number of detected photons coming from the fetal head, while only slightly affecting the sensitivity represented by F head . While a further decrease of the source-detector separation will further increase R total and R head , the sensitivity F head fast approaches the noise floor of the measurement device. In other words, once F head is smaller than the noise level in the measurement, a further increase in the absolute number of photons from the head is no longer beneficial.
To determine if R head at a 7 cm source-detector separation can be measured with the currently available NIR technology, let us consider an example in which the maternal abdomen is illuminated with a 1 mW laser diode at 800 nm ͑within the specifications of available laser diodes͒. In this example, about 10 15 photons/s from the light source are launched into the maternal abdomen. Based on the values of R head in Table  3 , the number of detected photons that have visited the fetal head will be approximately six to seven orders of magnitude lower. Therefore, 10 8 -10 9 photons that have visited the fetal head will reach the detector. This number of photons can easily be measured with the currently available NIR technology. 23 However, these photons reach the detector together with 38 times ͑considering the upper limit of fetal head depth͒ as many photons from other locations to constitute the total signal detected, R total . Therefore, in order to distinguish the R head from R total and the noise floor of the system, the instrument employed must have the signal to noise ratio at least greater than 38. Our current system has a signal to noise ratio of at least 100:1.
To further evaluate the feasibility of monitoring changes in blood oxygenation in the fetal head by trans-abdominal measurements, we investigated the changes in R total as a function of changes in the blood saturation. Assuming that 4% of the fetal head tissue volume is filled with blood, we obtain a whole blood concentration of 0.35 mM. For this case, a change in blood saturation from 70% to 35% leads to a 20% change in the absorption coefficient of the fetal head from a ϭ0.15 cm Ϫ1 to a ϭ0.18 cm
Ϫ1
, at a wavelength of 780 nm. Using these numbers and the geometry of model 3͑a͒, we employed the discrete-ordinate transport code to calculate the changes in R total at a source-detector separation of 7 cm. In these simulations, the optical properties of the maternal tissue layer were fixed. ) in the fetal head at a depth of 1.4 cm, leads to a decrease in the total detected signal R total of 24.17%. As expected, as the fetal head depth increases the change in R total decreases. At 3 cm depth the signal only changes by 2.38%. Therefore, while it will be easy to detect changes in blood saturation when the fetal head is only 1.4 cm deep, at 3 cm depth the signal to noise ratio should be at least 100:1. In case other factors vary at the same time, for example, the optical properties of the overlaying maternal tissue may change, even more sensitive measurements will be essential. For deep fetal heads it furthermore may be necessary to perform measurements with multiple source-detector pairs and to employ appropriate three-dimensional reconstruction algorithms to accurately monitor changes in blood volume and blood oxygenation.
Summary
In this work, we developed laboratory tissue phantoms that are complex enough to be congruent with the major clinical findings, yet simple enough to allow easy manipulation of various tissue and geometry parameters. Experimental results from measurements on these phantoms were compared to calculations that were based on numerical solution to the equation of radiative transfer and the diffusion equation.
Our results indicate that, a simple two-layer tissue phantom, which consists of a maternal tissue layer on top of the fetal head, best mimics the optical properties and physical geometry of the photon migration path through the fetal head in utero. Models that assume low-absorbing and lowscattering amniotic fluid in the photon path do not yield results in agreement with clinical findings.
In accordance with previous studies, 19 we found large differences between diffusion-theory-based and transport-theorybased simulations in low-absorbing and low-scattering regions of the medium. Therefore, a numerical model based on the transport equation is necessary to simulate photon migration through the fetal head in utero, in the case when there is intervening amniotic fluid. However, as our studies show the effect of amniotic fluid is minimal in the case of the late gestational fetal head in utero, therefore numerical simulations using the simpler diffusion equation should suffice to accurately predict the detector readings in this particular case.
Furthermore, the numerical simulations and NIR measurements on tissue phantoms showed that the sensitivity of the optical probe to the fetal head is maximized, when the probe is placed on the maternal abdomen, such that the source is directly above the fetal head. This is corroborated by the NIR measurements made on the maternal abdomen in a clinical setting. 15 Moreover, our theoretical studies revealed that as the source-detector separation is reduced from 10 to 7 cm the absolute number of photons detected R head that have traveled through the fetal head is drastically increased. At the same time, the ratio F head of the photons coming from the head as compared to all the photons detected decreases only slowly. Further decreasing the source detector separation will further increase the absolute number of photons detected, R head that have traveled through the fetal head. However, the parameter F head has to stay larger than the signal to noise ratio of the measurement in order to make use of a large R head value.
Several improvements of the developed phantoms may be considered for future studies. Currently the maternal layer is considered homogeneous. A model that realizes a composite maternal layer consisting of fat and muscle tissue may lead to even better agreement between phantom and clinical studies. To study clinical scenarios of prematurity, models have to be tested that use smaller fetal heads and have more intervening amniotic fluid. In these cases, the optical properties of the amniotic fluid, which is currently represented by distilled water, may be varied to simulate clinically relevant cases in which blood or scattering particles are present ͑e.g., placenta previa, abruptio placenta, and chorioamnionitis [24] [25] [26] ͒. Finally, studies that use multiple source-detector pairs and employ three-dimensional tomographic reconstruction techniques should further elucidate the potential and limits of quantitative, trans-abdominal, NIR imaging.
